Potato leafroll polerovirus (PLRV) genomic RNA acts as a polycistronic mRNA for the production of proteins P0, P1, and P2 translated from the 5-proximal half of the genome. Within the P1 coding region we identified a 5-kDa replication-associated protein 1 (Rap1) essential for viral multiplication. An internal ribosome entry site (IRES) with unusual structure and location was identified that regulates Rap1 translation. Core structural elements for internal ribosome entry include a conserved AUG codon and a downstream GGAGAGAGAGG motif with inverted symmetry. Reporter gene expression in potato protoplasts confirmed the internal ribosome entry function. Unlike known IRES motifs, the PLRV IRES is located completely within the coding region of Rap1 at the center of the PLRV genome.
I
nitiation of protein biosynthesis in eukaryotes is generally governed by a scanning mechanism. The scanning complex, comprising the 40S ribosomal subunit and initiation factors (1, 2) , binds to the 5Ј end of mRNA and migrates downstream until the complex reaches an AUG codon embedded in an optimum context for the initiation of protein synthesis (3) . For the majority of eukaryotic mRNAs, the first AUG encountered by the scanning complex serves as the translation initiation codon (first-AUG rule). However, in some instances, the scanning complex bypasses the first AUG (preferably when the AUG is in an unfavorable sequence context) and initiates protein synthesis at downstream AUGs (leaky scanning) (2) . A second mechanism operating for internal initiation on polycistronic mRNAs is the reinitiation of released ribosomes after protein-synthesis termination at upstream stop codons. Hohn and coworkers (4) identified a ''shunt'' mechanism for discontinuous ribosome migration when they studied the translation of cauliflower mosaic virus 35S RNA. In this system, scanning is initiated at the 5Ј end of the mRNA, but the scanning complex is forced by cis-acting viral sequences to bypass Ͼ300 nt before resuming scanning (for a review on translation in plants see ref. 5) .
In contrast to these strategies, which are characterized by ribosome scanning, direct ribosome entry at the site of translation initiation mediated by a ''ribosome landing pad'' or an internal ribosomal entry site (IRES) is an alternative translation initiation mechanism. IRES-mediated translation initiation was first demonstrated for picornaviral protein synthesis (6) (7) (8) . IRES sequences form complex secondary and tertiary structures, are interacting with the translational machinery, and are followed by an AUG start codon (reviewed in ref. 9 ; see refs. [10] [11] [12] [13] [14] . IRES-mediated protein initiation has been reported, for example, with hepatitis C virus (15) (16) (17) (18) , murine leukemia virus (19) , Moloney murine leukemia virus (20) , potyviral RNAs (21, 22) , crucifer-infecting tobamovirus (23) , classical swine fever virus (24) , cricket paralysis virus (25) , and some nonviral mRNAs (for reviews see refs. 14 and 26). All the identified IRES signals are located at the 5Ј end of their respective mRNAs with the exception of the cricket paralysis virus IRES, which is located 6,024 nt from the 5Ј end of the viral RNA.
In view of the small size of viral genomes, viruses exploit noncanonical translation mechanisms in an effort to ''decompress'' their limited genetic information for the synthesis of a maximal number of gene products. Such expression strategies (for a review see ref. 27 ) have been studied in detail with luteoviruses and include Ϫ1 ribosomal frameshifting (28) (29) (30) (31) , amber stop-codon suppression (32) (33) (34) , and cap-independent translation initiation (35, 36).
Potato leafroll virus (PLRV), the type species of the genus Polerovirus (previously subgroup 2) in the family Luteoviridae, has attracted special interest, because its host plant potato is easily transformed and thus offers the opportunity to study viral translational mechanisms in vivo. PLRV is a monopartite, singlestranded RNA virus that is aphid-transmitted in a persistent nonpropagative manner and restricted to the phloem tissue during replication (37) . The PLRV genome consists of a 5.9-kb (ϩ)-sense RNA that is covalently coupled to the small VPg protein (38, 39) . Its eight large ORFs are organized into two gene clusters separated by a small intergenic region (Fig. 1) . The 3Ј-located genes are translated from subgenomic RNAs [sgRNA1 (33) and sgRNA2 (40) ], whereas genomic RNA serves as a template for the translation of genes in the 5Ј-proximal region (D.P., unpublished data).
Here we describe the expression of the ORF replicationassociated protein 1 (Rap1) located Ϸ1,500 nt downstream of the viral 5Ј end within the P1 coding region but in a different reading frame. Evidence is presented to demonstrate that translation of Rap1 is a prerequisite for viral replication and that Rap1 translation occurs both in vitro and in vivo through internal ribosome entry involving an unusually structured IRES regulatory element.
Materials and Methods
Synthesis of Chimeric PLRV-␤-Glucuronidase (GUS) Constructs. To study the expression of Rap1 in vitro, a 293-bp PLRV cDNA fragment [coordinates 1,481-1,773 of the PLRV sequence according to Keese et al. (41) ] was isolated from pCPL3 (42) by limited AluI digestion and cloned into an EcoRV-digested pSP65-GUS vector (28) to yield construct pInt-mut2. The Rap1 ochre stop codon (coordinates 1,666-1,668) in pInt-mut2 was mutated by site-directed mutagenesis (altered site-directed mutagenesis system, Promega) to UAC to create a continuous Rap1-GUS C reading frame (pInt-mut1). Construct pInt-mut3 contained an additional ochre stop codon in the ORF1 coding sequences at position 1,483 of the PLRV sequence and was obtained from pInt-mut1 by site-directed mutagenesis.
Insertion of a stable stem-loop structure at the 5Ј end of the GUS gene was performed by cloning of five BamHI linkers into the NcoI site of pInt-mut3 following the strategy described by Pelletier and Sonenberg (43) . All further mutations were performed on pInt-mut3 by using the following oligonucleotides.
Initiation codon analysis: pInt-mut5 1513 5Ј-ACTGGGCTG-ATGAATTATGACTCCG-3Ј 1536; pInt-mut6 1519 5Ј-CTGAT-GATTATGAACTCCGATGAGG-3Ј 1542; pInt-mut7 1528 5Ј-ATGACTCCGATGAAGGATTACGGTC-3Ј 1551; and pIntmut8 1564 5Ј-CTGCAACAAATCCGCCCGCAGAG-3Ј 1586.
Signal mutagenesis: pInt-mut9 1538 5Ј-TGAGGATTACG-GTCTCCTCTGAGAGGCTGCAA-3Ј 1569; pInt-mut10 1547 5Ј-CGGTCTGGAGAGTCTCCCTGCAACAAATGCGC-3Ј 1578; and pInt-mut11 1538 5Ј-TGAGGATTACGGTCTC-CTCTCTCTCCCTGCAACAAATGCGC-3Ј 1578.
Analysis of the spacing region: pInt-mut12 1516, 5Ј-GGGCTGATGATTATGAGGAGAGAGAGGCTGCAA-3Ј 1569; pInt-mut13-20 1537 5Ј-ATGAGGAT TACGGT-C(AAA) n TGGAGAGAGAGGCTG-3Ј 1566; and pInt-mut21 1537 5Ј-ATGAGGATTACGGTCGACTGGAGAGAGAGG-TGGAGAGAGAGGCTGCAA-3Ј 1569.
The integrity of all constructs was verified by restriction and sequence analysis.
Constructs for studying the expression of Rap1 in vivo were prepared as follows. For the construction of PLRV -Rap1 , an XbaI fragment (coordinates 971-3,020) was isolated from pBINcDNA Canadian (44) and cloned into the XbaI site of the pBluescript SK(ϩ) vector (Stratagene). The amber stop codon was introduced by site-directed mutagenesis altering a single G to an A residue at position 1,553 of the PLRV sequence by using the oligonucleotide 1540 5Ј-AGGATTACGGTCTAGAGAGA-GAGGCTGCAACAA-3Ј 1572.
After verification of the entire XbaI fragment by sequence analysis, the fragment was cloned back into pBINcDNA Canadian . For plant transformation experiments, a HindIII fragment of PLRV cDNA (PLRV coordinates 1,480-2,394) was subcloned into the appropriate restriction site of the mutagenesis vector pSelect (Promega). To create a continuous reading frame between Rap1 and ORF1, an additional cytosine residue was introduced at position 1,667 by site-directed mutagenesis with the oligonucleotide 5Ј-AACAAACAAGCCTTTCAAAT-GGGCAAGCGGC-3Ј. From the resulting construct, an SwaIEcoRV fragment (PLRV coordinates 1,494-2,293) was isolated and subcloned into an EcoRI-digested, blunt-end pRT104GUS vector (45) to give construct pGUS͞Rap1-P1C. Subsequently, a fragment containing the bicistronic construct under the control of the 35S promoter was isolated from pGUS͞Rap1-P1C and subcloned into the HindIII site of pBIN19 (46) . The final construct was designated pBGUS͞Rap1-P1C.
For protoplast transfection a Rap1-P1C fusion protein was constructed. Rap1 was fused by a newly introduced EcoRV site to the C terminus of ORF1 by using the following oligonucleotides: Rap1FW 1513 5Ј-ATTGGTACCACTGGGCTGAT-GATTATGACT-3Ј 1533 (KpnI site in bold); Rap1BW 1665 5Ј-AGAGATATCAAGGCTTGTTTGTTGGAGCAG-3Ј 1645 (EcoRV site in bold); P1CFW 1668 5Ј-CGCGATATCAAT-GGGCAAGCGGCACCGTCC-3Ј 1688 (EcoRV site in bold); and P1CBW 1850 5Ј-CGCGATATCCTTCTGCAGGGCTT-TCTGAGA-3Ј 1830 (EcoRV site in bold).
Rap1 and P1C were ligated after digestion with EcoRV. Rap1 was expressed in Rap1-P1C without stop codon in the same reading frame with P1C. To obtain mut22, mut23, and mut24 a DNA copy of Rap1-P1C was obtained by PCR with the oligonucleotides Rap1FW and: mut22BW 1728 5Ј-ACTGTCGACTAGCGGC-GTCGGGGATGT-3Ј 1711 (SalI site in bold); mut23BW 1704 5Ј-ACTGTCGACTGCCGTTTGTTTTGGCGGA-3Ј 1686 (SalI site in bold); and mut24BW 1689 5Ј-ACTGTCGACCGGACGGT-GCCGCTTGCC-3Ј 1672 (SalI site in bold).
The amplified fragments were digested with KpnI͞SalI and subsequently subcloned together with a SalI͞XbaI GUS (without AUG) fragment from pO7-GUS (40) in a two-fragment ligation into a KpnI͞XbaI-linearized 35S vector. Peter Ivanov (Moscow State University, Moscow) kindly provided the vectors 35SHP, 35SHP-GUS, and 35SHP-encephalomyocarditis (EMCV)͞ GUS. The hairpin used in this construct is an ApaI, XhoI, SalI, ClaI, SalI, XhoI, and ApaI followed by one single KpnI. For the construction of 35S HP-mut22͞GUS, HP-mut23͞GUS, and HP-mut24͞GUS, the 35SHP was digested with KpnI͞PstI and ligated with the mut22-24͞GUS KpnI͞PstI insert.
In Vitro Transcription͞Translation, Transfection of Potato Protoplasts, and Western Blot Analysis. Single-stranded RNAs were obtained by in vitro transcription of HindIII-linearized pInt-mut plasmid DNAs by bacteriophage SP6 polymerase in the presence of the cap analogue m7GpppG as described (47) . Synthetic RNAs were translated in rabbit reticulocyte lysate or wheat germ extract (Promega) in the presence of [ 35 S]methionine under conditions recommended by the supplier. In vitro products were analyzed on 12.5% SDS͞polyacrylamide gels and detected by fluorography (48) .
Protoplasts were isolated from Solanum tuberosum (cv. Dé-sirée), and Ca(NO 3 ) 2 ͞polyethylene glycol-mediated DNA transfer was performed as described by Negrutiu et al. (49) by using 3.3 ϫ 10 5 protoplasts and 10 g of plasmid DNA per transfection. GUS activity in protein extracts from transfected protoplasts was determined by a fluorometric assay (50) . Western blot analysis of crude extracts from potato protoplasts was carried out as described by Prüfer et al. (51) by using either a polyclonal antiserum against P1 (52) or a monoclonal antiserum against the coat protein (ref. 53 and L.K., unpublished results).
Results

Analysis of Rap1 Function in Vivo.
The biological role of Rap1 was studied by a reverse genetic approach with an infectious, full-length cDNA copy (PLRV flc ) synthesized for a Canadian PLRV isolate (54) . PLRV flc was mutated by site-directed mutagenesis resulting in the construct PLRV -Rap1 (see Materials and Methods and Fig. 2A) . The introduced amber stop codon was located within the Rap1 reading frame without changing the amino acid composition of P1. Therefore, neither the function of P1 nor of P1͞P2 (the transframe protein) (28) was predicted to be affected by this mutation.
Wild-type PLRV flc and PLRV -Rap1 DNAs were transfected into potato protoplasts in an effort to study the role of Rap1 during viral multiplication. Fig. 2B shows a Western blot of potato protoplasts transfected with either a wild-type (lane 1, W) or the Rap1-deficient full-length PLRV cDNA clone (lane 3, M). As expected, P1 expression was detected for both constructs because of the high, constitutive expression of (ϩ)-sense viral RNA (the template for P1 translation) under the control of the 35S promoter with no expression in the mock-inoculated control (Fig. 2B, lane 2) . Expression of the coat protein (P3) was predicted to occur only after transcription of viral (-) strand by the PLRV replicase complex followed by the recognition of the subgenomic RNA1 promoter on this RNA template (see Fig. 1 ). As shown, PLRV coat protein could be detected after transfection by the wild-type (Fig. 2B, lane 1) but not by the Rap1-deficient clone (Fig. 2B, lane 3) . Furthermore, genomic and subgenomic viral RNAs were detected by Northern analysis only in PLRV wild-type-transfected potato protoplasts (data not shown). These transfection experiments with Rap1-deficient viral RNA indicated that Rap1 is involved in PLRV RNA multiplication.
Localization of the IRES Signal. As deduced from the position of the Rap1 ORF, Rap1 translation initiation was expected to occur via a noncanonical translation mechanism in that the internal entry of ribosomes was supposedly guided by specific sequence structures. To identify this putative IRES element, the appropriate region of the PLRV genome was inserted into an internal position within the Escherichia coli GUS gene (Fig. 3A) . To facilitate detection by PAGE, the small Rap1 coding region was enlarged by generating a continuous ORF between Rap1, 34 downstream amino acids, and a C-terminal section of the GUS gene. For this, the Rap1 stop codon was mutated to UAC by site-directed mutagenesis (see Materials and Methods). In this construct (pInt-mut1, Fig. 3A ) the coding sequence resulting from the fusion of the N-proximal half of the GUS gene (GUS N ) to the residual ORF1 fragment was expected to yield a chimeric GUS N -ORF1 protein of Ϸ33 kDa. In contrast, internal initiation at a Rap1 AUG would allow translation to proceed to the GUS C terminus (GUS C ) and produce a Rap1-GUS C chimeric protein with a size of Ϸ43 kDa. Additionally, in the pInt-mut2 construct, where the Rap1 stop codon is still present, only the GUS N -ORF1 should be detected. In vitro transcription͞translation experiments ( Fig. 3B ) with pInt-mut1 showed that in addition to the synthesis of the GUS N -ORF1 product, the Ϸ43-kDa Rap1-GUS C fusion protein was produced by internal initiation at an appropriate Rap1 AUG (Fig. 3B, lane 1) . In contrast, a Rap1-GUS C protein was not detected for pInt-mut2.
The corresponding mRNAs transcribed from these constructs facilitated ribosomal recognition of the PLRV IRES region during translation of the GUS N -ORF1 reading frame. To avoid the possibility that translation of ORF1 would be required for translation initiation, we introduced either an ochre stop codon immediately downstream of the last GUS N amino acid (pIntmut3; Fig. 3A ) or a stable stem-loop structure at the 5Ј end of the GUS gene (pInt-mut4; Fig. 3A ). For both pInt-mut3 and pInt-mut4 the Rap1-GUS C fusion protein was still synthesized efficiently in rabbit reticulocyte (Fig. 3B, lane 3a) and wheat germ extracts (Fig. 3B, lanes 3b and 4) , although GUS N synthesis was strongly reduced with the pInt-mut4 in comparison to pInt-mut3. Thus, translation of the ORF1 coding region is not necessary for the internal initiation process (Fig. 3B) .
Identification of the Rap1 Start Codon. Sequence analysis of the Rap1 coding region identified four possible AUGs for translation initiation. The second and third AUG position is conserved among all PLRV isolates sequenced to date (Fig. 4A) (refs. 39, 41 , and 55 and D.P., unpublished data). To identify the translation initiator AUG, insertion (out-of-frame mutations, pIntmut5 to pInt-mut7) as well as substitution (in-frame mutation, pInt-mut8) mutagenesis was performed with pInt-mut3 as the starting material (Fig. 4B) . In vitro transcription͞translation experiments (Fig. 4C ) demonstrated that translation initiated at the second AUG (AUG2) of Rap1, indicating the importance of this codon for all PLRV isolates. Furthermore, insertion mutations within AUG1 or the alteration of AUG4 to AUC did not have a significant effect on initiation efficiency. Mutations in AUG3 (pInt-mut7) did not result in translation of Rap1-GUS C , because with translation initiating at AUG2 the transcript was out of frame at the mutated AUG3 (Fig. 4) .
Analysis of the Inverted Repeat GGAGAGAGAGG. By using deletion analysis (data not shown), the inverted repeat motif GGAGAGAGAGG 22 nt downstream of AUG2 was identified as necessary for internal ribosome entry. To document the significance of this motif in the translation initiation process, several additional mutations were produced (pInt-mut9 to pInt- was cloned into the GUS gene such that ORF1 was in frame with the N terminus of the GUS gene (GUS N) and the Rap1 coding region in frame with the C terminus of the GUS gene (GUS C) as schematically shown. This construct was termed pInt-mut2. Point mutations were introduced into this construct by site-directed mutagenesis (as described in Materials and Methods) to generate mutants pInt-mut1 and pInt-mut3. Introduction of a stable stem-loop structure into the 5Ј-end pInt-mut3 yielded pInt-mut4. The solid bars indicate translation products expected for the 5Ј translation initiation. The slashed bars indicate translation products expected for internal initiation. (B) PAGE analysis of in vitro pInt-mut1 to mut4 mRNAs. Plasmid DNAs of pInt-mut1 to mut4 were linearized by HindIII digestion and transcribed into mRNAs by SP6 RNA polymerase. Translation was achieved in the rabbit reticulocyte system (lanes 1-3a) and in the wheat germ system (lanes 3b and 4) in the presence of [ 35 S]methionine. The products were separated on a 12.5% SDS-containing polyacrylamide gel and detected by autoradiography. Lane 1, construct pIntmut1; lane 2, pInt-mut2; lanes 3a and 3b, pInt-mut3; lane 4, pInt-mut4. mut11; Fig. 5A ) by using pInt-mut3 as the starting material. For this, the GGAGAGAGAGG sequence was either replaced partially by its complementary sequence CCTCTGAGAGG (pInt-mut9) and GGAGAGTCTCC (pInt-mut10) or replaced completely with CCTCTCTCTCC in pInt-mut11. As shown in Fig. 5B , all three of these mutations resulted in a dramatic reduction (Ͼ90%) of initiation efficiency.
A further series of mutations (pInt-mut12 to pInt-mut20; Fig. 5A ) was generated altering the spacing between AUG2 and the GGAGAGAGAGG motif. In mutation pInt-mut12, 21 nt of the entire spacer region were deleted, whereas in mutations pInt-mut13 to pInt-mut20, an increasing number of AAA triplets was inserted (see Fig. 5A ). In vitro transcription͞translation experiments (Fig.  5B ) revealed a reduction (Ϸ50%) in initiation efficiency for the deletion mutation pInt-mut12. A more dramatic reduction (Ͼ90%) was also observed for the AAA insertion mutations but only when more than nine A residues were introduced into the spacer region. In addition, duplication of the TGGAGAGAGAGG motif (pIntmut21; Fig. 5 ) did not have a significant influence on the Rap1 translation initiation efficiency.
In summary, these results demonstrated that, in addition to the inverted repeat sequence GGAGAGAGAGG, the spacing between this motif and AUG2 plays an important role in the initiation event.
Functional Analysis of the PLRV IRES Region in Vivo. In addition to the in vitro experiments, the IRES function was studied in vivo with transgenic potato plants expressing the GUS gene alone (pRT104GUS), a bicistronic GUS͞Rap1-P1C mRNA (pGUS͞ Rap1-P1C), or only the second gene Rap1-P1C (pRap1-P1C) of the bicistronic mRNA as shown in Fig. 6A . For a rapid identification of transgenic plants as well as a simple quantification of gene expression, the GUS gene was chosen as the first gene followed by a fragment representing the entire Rap1 coding region in frame to the C terminus of P1 (pGUS͞Rap1-P1C; see Materials and Methods) as the second cistron. This strategy had the additional advantage of the P1 C terminus being easily detected by Western blot experiments with available monoclonal antibodies, because P1C is highly stable in PLRV-infected plants (52) .
A representative Western blot analysis of plants expressing high levels of the GUS enzyme (data not shown) from the bicistronic mRNA is shown in Fig. 6B (lanes 3 and 4) . The product of the Single adenosine residues were introduced into pInt-mut3, and the mutant constructs pInt-mut5 to pInt-mut7 were obtained. In mutant pInt-mut8, the fourth Rap1 AUG codon was changed to AUC. (C) PAGE analysis of products from in vitro translation of pInt-mut3 (3) and pInt-mut5 to pInt-mut8 (5-8) mRNAs. Analysis was performed as described in the Fig. 3 legend. C, mock translation.
3Ј-located gene Rap1-P1C was readily detected in protein extracts from these plants (Fig. 6B, lanes 3 and 4) . The observed translation product migrated a slightly smaller distance compared with a control plant transgenic only for the second gene (p Rap1-P1C; Fig.  6A, lane 1) . This might be explained by the use of a different AUG for translation initiation in the mono-and dicistronic construct. A similar immunoreactive band could not be observed in transgenic plants expressing only the GUS gene (pRT104GUS; Fig. 6A, lane  2) . The stability of the corresponding mRNAs for pRap1-P1C, pGUS͞Rap1-P1C, and pRT104GUS was verified in a Northern Blot (data not shown).
In addition the IRES function was studied by transfection of potato protoplasts with reporter gene constructs (Fig. 7A) containing a stable stem-loop structure to prevent leaky scanning and followed by the PLRV (Rap1-P1C), the EMCV, or no (negative control) IRES and a GUS gene. A construct lacking the stable stem-loop structure served as a positive control (Rap1-P1C͞GUS). To identify the Rap1-IRES region, deletion analyses were performed at the 3Ј end of Rap1-P1C with constructs HP-mut22͞GUS, HP-mut23͞GUS, and HP-mut24͞ GUS. Fig. 7B summarizes the results of seven independent transient-expression experiments in potato protoplasts: Internal ribosome entry in the expression of the GUS enzyme occurs at a frequency of Ϸ15 Ϯ 6% for PLRV and 2 Ϯ 1.8% for EMCV, as normalized with respect to the control constructs (mock; Rap1-P1C͞GUS). In further experiments with a reporter construct in which the PLRV sequence upstream of nucleotide 1,704 had been deleted (HP-mut24͞GUS), the expression of the GUS enzyme could not be detected. Thus, this evidence indicates that in vivo expression of Rap1 from IRES requires additional sequence information downstream of the coding region of Rap1.
Discussion
In this study, we identify an IRES regulating the in vitro and in vivo synthesis of a small ORF (Rap1) of the PLRV genome and present an analysis of its putative biological function as a replication-associated protein. The biological relevance of Rap1 for PLRV multiplication was examined in vivo by using specific mutants of an infectious full-length PLRV cDNA clone. A Rap1-deficient full-length PLRV cDNA clone did not permit viral transcription in potato protoplasts, providing evidence for the role of Rap1 in viral multiplication. The PLRV IRES element for Rap1 translation is characterized by an unusual structure and location. In contrast to all other IRES elements described up to now, the IRES for PLRV Rap1 translation initiation is located internally within the PLRV RNA genome Ϸ1,500 nt downstream of its 5Ј end. Furthermore, the core structural elements for internal ribosome entry include a conserved AUG codon and a downstream GGAGAGAGAGG motif with inverted symmetry. A distinct subgenomic RNA for Rap1 translation has not been detected in PLRV-infected plants (33, 40) . Rap1 translation was examined by both in vitro and in vivo analyses. These in vitro transcription͞translation experiments together with transient expression of PLRV-IRES-GUS reporter constructs in potato protoplasts provided evidence that Rap1 is translated by internal ribosome entry and that the second Rap1 AUG, the inverted repeat sequence GGAGAGAGAGG and further downstream PLRV sequences are required for optimal translation efficiency in vivo.
In contrast to most of the IRES elements described to date (13), the PLRV IRES sequence is located near the center of the viral genome and encompasses just sequence information downstream of the start codon of the Rap1 reading frame. According to the picornaviral paradigm of internal initiation (13), a requirement for sequences from the coding region was unexpected. With the exception of cardioviruses (e.g., EMCV), where the ribosomal entry site is at the authentic initiation codon, internal initiation does not require downstream coding sequences. However, certain motifs, especially G-rich sequences, can inhibit internal initiation if located next to the AUG initiation codon (56) . In polioviruses, extensive mutational analysis of the sequences downstream of a silent AUG triplet decreased in vitro internal initiation efficiency (57) . To our knowledge, only the hepatitis C virus and classical swine fever virus IRESs extend into the coding sequence of the viral polyprotein (13) , and only in the case of hepatitis C virus is the coding region important for efficient internal translation initiation (17) .
In addition to its location, a further unexpected characteristic of the PLRV IRES sequence is its relatively short and simple structure compared with other picornaviral and viral IRES signals. Some similarities are found in the short IRES sequences of Moloney murine leukemia virus (20) and crucifer-infecting tobamovirus (crTMV) (23) . Interestingly, the IRES sequences of PLRV and crTMV share a significant homology in that both sequences contain a purine-rich tract, although its function is still unclear (23) . However, in contrast to the PLRV IRES identified here, the crTMV IRES tract is directly repeated and located upstream of the AUG initiation codon for the crTMV capsid protein.
For the picornaviral IRES, the AUG entry site codon is an important determinant of internal initiation, as is its distance from upstream elements such as the conserved oligopyrimidine tract (58, 59) . In contrast, sequences downstream of the AUG are relatively unimportant. Detailed mutagenesis of the PLRV IRES identified a downstream purine tract GGAGAGAGAGG and its distance from AUG 2 to be important for efficient internal initiation. The function of this motif for efficient internal initiation is still unclear. However, one can speculate that it is directly interacting with ribosomal RNAs or proteins and forcing ribosomes to translate this internal reading frame. In contrast, the downstream box of some prokaryotic mRNAs lacking an upstream Shine-Dalgarno sequence was postulated for many years to base-pair to the 16S RNA for enhanced translation. Recently, O'Connor et al. (60) could demonstrate that radical alterations in the 16S counterpart of the downstream box do not affect expression of downstream box-containing mRNAs, indicating that mRNA-rRNA base pairing is not essential for enhanced translation. Therefore, further studies are needed to clearly define the mechanism by which the GGAGAGAGAGG motif functions in internal translation initiation.
The PLRV IRES is located within a region of the PLRV RNA genome that is characterized by noncanonical translation mechanisms such as Ϫ1 ribosomal frameshifting (28, 31) , which require a stable RNA structure for efficient frameshifting. Such structures are thought to slow down ribosomes and provide the time necessary for the frameshift event. Currently, we cannot exclude the possibility that these structures, which are located some 100 nt downstream of the inverted repeat sequence GGAGAGAGAGG, are involved in efficient internal ribosome entry in vivo. Alternatively, the synthesis of Rap1 may be required for efficient Ϫ1 ribosomal frameshifting during the production of the P1͞P2 transframe protein (the putative replicase) in the in vivo situation (28) .
The specific function of the Rap1 protein in viral multiplication is still unclear. According to its size and localization within the replicase genes, Rap1 protein may be an integral part of the PLRV replicase complex and modulate the specificity of the replication machinery. For example, the specificity of E. coli RNA polymerase activity is controlled by a variety of ancillary factors, assisting or interfering with enzyme activity. Proteins such as the sigma factor are important in changing the function of the core enzyme, and substitution of a sigma factor may cause the transition from expression of one set of genes to expression of another set as seen during the lytic cycle of bacteriophage infection (for a review see ref. 61 ). In addition to its function in the multiplication of genomic RNA, the PLRV replicase also has to serve for the transcription of at least two subgenomic RNAs (39, 40, 62) . The change from replicating genomic RNA to the activation of the subgenomic promoters might be regulated by factors encoded in the PLRV region necessary for RNA replication such as Rap1. Initial binding experiments with bacterially expressed Rap1 protein showed a strong interaction between the Rap1 and the protein encoded by ORF1 (63) . Further studies with full-length infectious PLRV transcripts (42, 44, 54) and Rap1 mutants will help to better define the function of Rap1 in the viral life cycle.
